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Cancer is a genetic disease in which the interplay between alter-
ations in protein-coding genes and non-coding RNAs (ncRNAs)
plays a fundamental role. In recent years, the full coding compo-
nent of the human genome was sequenced in various cancers,
whereas such attempts related to ncRNAs are still fragmentary.
We screened genomic DNAs for sequence variations in 148 micro-
RNAs (miRNAs) and ultraconserved regions (UCRs) loci in pa-
tients with chronic lymphocytic leukemia (CLL) or colorectal
cancer (CRC) by Sanger technique and further tried to elucidate
the functional consequences of some of these variations. We found
sequence variations in miRNAs in both sporadic and familial CLL
cases, mutations of UCRs in CLLs and CRCs and, in certain
instances, detected functional effects of these variations. Further-
more, by integrating our data with previously published data on
miRNA sequence variations, we have created a catalog of DNA
sequence variations in miRNAs/ultraconserved genes in human
cancers. These findings argue that ncRNAs are targeted by both
germ line and somatic mutations as well as by single-nucleotide
polymorphisms with functional significance for human tumori-
genesis. Sequence variations in ncRNA loci are frequent and some
have functional and biological significance. Such information can
be exploited to further investigate on a genome-wide scale the
frequency of genetic variations in ncRNAs and their functional
meaning, as well as for the development of new diagnostic and
prognostic markers for leukemias and carcinomas.

Introduction

Since the completion of the human genome sequencing, researchers
have focused considerable effort on identifying cancer-related so-
matic mutations in protein-coding genes, such as mutational analysis

of the serine/threonine kinome (1) or the tyrosine phosphatome in
colorectal cancers (CRCs) (2) as well as the genomic landscapes of
human breast cancers (BCs), CRCs, glioblastomas and pancreatic
cancers (3–6). These findings offer a considerable amount of infor-
mation important for the functional understanding of proteome alter-
ations in human cancers. In recent years, the addition of non-coding
RNAs (ncRNAs) to the cancer genetics puzzle has provided stimulus
for further studies. The main investigations have focused on variations
in the expression of microRNA (miRNA) genes, the most extensively
studied category of ncRNAs (7,8). In fact, since their initial identifica-
tion in B cell chronic lymphocytic leukemia (CLL) cases (9), the most
common form of adult leukemia, researchers have detected miRNAs
alterations in all types of investigated human tumors (10–12).

MiRNAs consist of small sequences of 19–25 nucleotide (nt) non-
coding genes and are found in the genomes of animals and plants (8).
MiRNAs are cleaved from 60 to 110 nt hairpin precursors (pre-miR-
NAs) that are produced from large transcripts (pri-miRNAs) that can
be thousands of bases long (7). MiRNAs regulate gene expression by
reducing the amount of transcribed messenger RNA and/or translated
protein and a lot of efforts are aimed to identify the spectrum of
miRNA targets important in cancer (12,13). The frequency and sig-
nificance of genome sequence variations [including mutations and
single-nucleotide polymorphisms (SNPs)] in ncRNAs, particularly
miRNAs, is unknown at present time. We previously identified germ
line and somatic mutations in miRNA genes in �10% of patients with
CLL, including a germ line mutation in the primary transcript of the
tumor suppressor miR-16-1, which is located 7 nt downstream from
the pre-miRNA [that we named (C-to-T) þ 7 bp in 3#] (14). This
mutation reduced expression of miR-16 and the clustered miR-15a in
leukemia cells, and of note, one of two patients with CLL harboring it
had a family history of cancer: the proband had CLL and BC, whereas
her mother died with CLL and her sister died with BC (14). In addi-
tion, another group analyzed the sequence of the mouse miR-16-1
locus located near D14Mit160 marker and demonstrated a point mu-
tation in New Zeland Black mice that are naturally developing at late
age a B cell malignancy similar to human CLL (15). This point
mutation was not present in any of the other mouse strains they
analyzed, including the nearest neighbor strain, New Zeland White.
Because the affected nucleotide is located in the 3#-flanking region of
miR-16-1 6 nt after the precursor, the investigators examined the
expression of miR-16 in various tissues in New Zeland Black mice
using reverse transcription–polymerase chain reaction (PCR) and
northern blot analysis and found decreased expression of it in lym-
phoid tissue. The delivery of exogenous miR-16 to an New Zeland
Black malignant B-1 cell line resulted in cell cycle alterations and
increased apoptosis (15). Taken together, these two studies—one of
human CLL and the other of a mouse model of human CLL—confirm
that miR-16 is the first miRNA proven to be involved in cancer pre-
disposition.

Recently, we found a new category of ncRNAs abnormally ex-
pressed in human CLL and CRC cells, which we named ultracon-
served genes (UCGs) (16). These genes are transcripts of
ultraconserved regions (UCRs), which are completely conserved in
the human, mouse and rat genomes (17). Because of a high degree of
conservation, the UCRs may be important to the ontogeny and phy-
logeny of mammals. In recent years, authors have extensively re-
ported genome-wide identification of mutations in the coding
component of the human genome, whereas the knowledge regarding
sequence variations in ncRNAs is still fragmentary. Herein, we de-
scribe the first step toward cataloging DNA variations in miRNAs and
UCRs in human cancers by analyzing the genomic sequence of 120
miRNAs expressed in CLL cells and 28 UCRs in both CLL and CRC
samples.

Abbreviations: BC, breast cancer; CRC, colorectal cancer; CLL, chronic lym-
phocytic leukemia; miRNA, microRNA; MUT, mutated; ncRNA, non-coding
RNA; nt, nucleotide; PCR, polymerase chain reaction; SNP, single-nucleotide
polymorphism; UCG, ultraconserved gene; UCR, ultraconserved region; WT,
wild-type.
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Materials and methods

Patient samples and cell lines

Thirty-nine peripheral blood samples from patients with CLL and three sam-
ples of mononuclear cells obtained from normal individuals were collected at
the CLL Research Consortium Institutions after they gave their written in-
formed consent to participate. Briefly, after the samples were obtained, mono-
nuclear cells were isolated by using Ficoll–Hypaque gradient centrifugation
(Amersham Pharmacia Biotech, GE Healthcare, Pittsburgh, PA) and then
processed for RNA and DNA extraction according to standard protocols
(18). Samples were also obtained from 35 patients with CRC and 175 can-
cer-free control individuals as described previously (14). The tumor tissues
from CRC patients were macroscopically dissected for enrichment in epithelial
component and further checked by microscopy and selected for the study only
if contained at least 60–70% malignant cells. All the subjects were white
Caucasians as indicated by medical records for the patients with CLL and
CRC and interviews for the controls. The clinical characteristics of analyzed
cancers are presented in Table I. MEG-01 chronic leukemia cells, HEK-293
fetal kidney cells and HeLa cervical cancer cells were obtained from the
American Type Culture Collection (ATCC, Manassas, VA) and maintained
according to instructions.

Detection of miRNA mutations

The genomic region corresponding to each pre-miRNA and at least 100 bp on
the 5# and 3# ends of the region in the CLL cells obtained from the study
patients and in normal mononuclear cells obtained from three control subjects
were amplified and sequenced using the Applied Biosystems Model 377 DNA
sequencing system. The Sequencher 4.1 software program (Gene Codes Cor-
poration, Ann Arbor, MI) was used to analyze the sequencing data. When
a change in the normal genomic sequence was found, it was confirmed using
a second PCR followed by sequencing using both amplification primers and
consequently, a panel of DNAs from blood samples obtained from 98 control
subjects were screened to identify if the specific change is a polymorphism. For
a small number of variations that were further selected for functional investi-

gation, we increased the number of controls up to 220. If two attempts to
amplify and/or sequence a specific PCR product failed then we discarded that
sample/sequence from the final counts.

Detection of UCR mutations

A sequence variation screening in general population was performed using
a panel of DNAs from blood samples obtained from 175 normal individuals
consisting of the 98 controls described above and 77 other control subjects, all
of whom were described previously (14). We used a larger panel of controls
than in the miRNA study, as sequence variations in UCRs have yet to be
thoroughly investigated. Twenty-eight UCRs randomly selected from a total
of 482 as reported (17) were sequenced. For the screening of cancer patients,
the genomic regions corresponding to the same selected UCRs from the 39
patients with CLL and 35 patients with CRC, three samples of mononuclear
cells obtained from normal individuals and five paired normal colonic mucosa
samples including at least 40 bp on the 5# and 3# ends of the regions were
integrally amplified. Direct sequencing was performed using the Applied Bio-
systems Model 377 DNA sequencing system. When a sequence variation was
found, it was confirmed using a second PCR followed by sequencing using
both amplification primers. When available, corresponding normal genomic
DNA from the individuals with UCR sequence alterations was analyzed.

In vitro studies of the effects of miRNA mutants

MiR-185 and miR-206 expression vectors containing an �800 bp genomic
sequence, one wild-type (WT) sequence and one mutated (MUT) sequence
were constructed in a sense orientation using the mammalian expression vector
pSR-GFP-Neo (Oligoengine, Seattle, WA). Sequenced constructs of miR-185
and miR-206 were transfected into MEG-01 cells using Lipofectamine 2000
(Invitrogen, Carlsbad, CA) according to the manufacturer’s protocol. MEG-01
cells were also transfected with miR-15/16 cluster construct inserted into the
pcDNA 3.1 vector or pSR-GFP-Neo using Lipofectamine 2000 according
to the manufacturer’s protocol. Northern blotting and quantitative reverse
transcription-PCR were performed to assess the expression of specific miRNAs
as described previously (14,16).

In silico studies of putative interactions between UCGs and miRNAs

We investigated the functional implications only for the UCGs, defined as
transcribed UCRs for which we reported DNA sequence changes. Two inde-
pendent algorithms were used: initially, the pattern of complementarity and the
interaction energy were evaluated using the RNA22 batch script (19) applied to
the UCR alleles known to be transcribed in at least one type of normal tissue or
one type of human cancer according to our previous study (16). This was done
independently for each of the alleles identified in patients with cancer and in
the general population according to the complementarity with the active se-
quence of the miRNAs reported in miRBase (version 11.0; Wellcome Trust
Sanger Institute, Hinxton, Cambridge, UK) (20). Additionally, the sequence
variations found in UCGs were analyzed independently for their ability to
affect the binding of putative miRNA interactions using the Miranda prediction
program (21). First, for each UCR mutation that we found, two sequences
centered on the MUT base and flanked by 25 nt on both sides were retrieved.
Second, the UCR sequences (MUT and WT) paired with all of the miRNAs
reported in miRBase were scanned, which identified the putative miRNA in-
teractors. Third, the Miranda output was filtered, selecting only the miRNAs
that displayed a difference in interactions score and interaction energy between
the two paired sequences. The following Miranda setting parameters were used:
interaction energy, �16; score, 80; gap-open penalty, �2 and gap-extend penalty,
�8. We used as cutoff value 10% variation as by our unpublished data related
to effects of SNP in target sites for miRNAs, this is the lower value that still
gives experimental effects on luciferase assays for miRNA-target interaction.

UCR cloning

Uc.276 was amplified by PCR (Platinum Taq High Fidelity; Invitrogen) from
HCT116 genomic DNA (5# primer: CGGCTGGATGCACATTATCTT and 3#
primer: TCATCTTAACACATTTCCAGCCC). The amplified product was
XbaI cloned into the 3#-untranslated regions of the pGL3-control vector
(Promega, Madison, WI), after an intermediate cloning step in TOPO TA
vector 2.1. Plasmid DNA was purified using the high-speed maxi purification
kit (Qiagen, Valencia, CA), and all of the inserts were checked by enzymatic
digestion and sequencing for cloning directionality and sequence exactness,
respectively. The point mutation of uc.276 was generated with the Quick-
change Mutagenesis Kit (Stratagene, La Jolla, CA).

Luciferase assay

For functional reporter silencing assay, HeLa cells were reverse transfected
with Lipofectamine 2000 (Invitrogen) according to the manufacturer’s instruc-
tions in 96-well plates (50 � 105 cells per well). In each well, 0.1 lg of pGL3
(luciferase) construct together with 0.02 lg of pRLTK (renilla) vector

Table I. Clinical data of cancer patients included in the present study

CLL
No. of patients 39
Gender

Male 20
Women 19

Age
.60 22
,60 17

ZAP70 expression (%)
.20 19
,20 20

IgG status
MUT 18
Unmutated 21

Family history of malignancy (including CLL)
Positive 13
Negative or unknown 26

CRC
No. of patients 35
Gender

Male 19
Women 16

Age
.50 30
,50 5

Location
Right colon 14
Left colon 21

Histotype
Adenocarcinoma 29
Non-adenocarcimona (mucinous or medulary

carcinoma)
6

Stage
I 3
II 21
III 10
IV 1
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(Promega) were cotransfected with 50 nM of pre-miRNA or negative (scram-
bled) control (Applied Biosystem/Ambion Austin, TX). Thirty-six hours after
transfection, cells were lysed in 20 ll of passive lysis buffer according to the
dual luciferase reporter assay protocol (Promega) and processed for luciferase
activity; measurements were taken with Veritas luminometer (Turner Biosy-
tems, Sunnyvale, CA). The relative reporter activity was obtained by normal-
ization to the renilla activity and compared with scrambled. Luciferase assays
were performed at least four times in replicates of eight.

Statistical analyses

Results were expressed as mean ± SD. Student’s two-sided t-test was used to
compare values of test and control samples. P , 0.05 indicated significant
difference.

The catalog of DNA sequence variations in ncRNAs

It was implemented by searching the PubMed database (http://www.pubmed.
com) for publications using the key words ‘miRNA’, ‘mutation’ and ‘SNP’.
Information on ncRNA sequence variations was extracted from the resulting
full text articles and supplementary data. NcRNA and SNP identifiers, SNP
database National Center for Biotechnology Information accession numbers,
cancer type and the reference were included.

Results

Sequence variations in miRNAs are present in both sporadic and
familial CLL cases

Based on microarray expression data we obtained for mononuclear
cells, normal B lymphocytes and normal CD5-positive B cells (14,
22,23), we found that 120 miRNAs were expressed at values .1.5
times higher than the background signal array intensity and we
selected all for the mutation screening. Data on 42 miRNAs that we
previously analyzed in a larger series of patients with CLL, including
all cases in the present study (Table I) were reported in (14). Thus, in
the present study, we analyzed for sequence abnormalities in CLL
cells using direct sequencing the remaining set of 78 miRNAs and
we were able to successfully amplify by PCR products for 72 miR-
NAs. We sequenced a total of 1 337 276 bp in the blood samples
obtained from patients with CLL and 586 471 bp in the blood samples
obtained from normal controls. We identified variations from the
normal sequences in 24 (27% of 72) miRNAs that were not reported
previously in (24) and (14) and some of the miRNA has more than one

changes: 18 were located downstream from the pre-miRNA sequence
(up to �200 bp), 16 were located upstream of the pre-miRNA se-
quence (up to �200 bp) and two were located in pre-miRNA sequence
(supplementary Table 1 is available at Carcinogenesis Online). As we
found 21 of these variations in the National Center for Biotechnology
Information SNP database (http://www.ncbi.nlm.nih.gov/SNP/) and
they therefore represented polymorphisms, we decided to perform
sequencing of a larger set of control DNA samples for seven miRNAs
with no previously reported sequence variations (supplementary Table 1
is available at Carcinogenesis Online). We identified three new
sequence variations in the transcript for miR24-1 (a G-to-A substi-
tution located 152 bp down the pre-miRNA and a C-to-T substitution
located 40 bp down the pre-miRNA) and miR-185 (a C-to-T substi-
tution located 73 bp up the pre-miRNA), which we found in patients
with CLL but not in 98 normal controls and can therefore be consid-
ered new mutations or very rare polymorphisms (Table II and supple-
mentary Table 1 is available at Carcinogenesis Online). All 39 of the
CLL patients harbored SNPs or mutations in the miRNA genomic
regions, with 1–26 sequence variations per patient and the number
of variations was higher in Zeta-chain-associated protein kinase
70-positive patients (169 in 19 Zeta-chain-associated protein kinase
70-positive and 148 in 20 Zeta-chain-associated protein kinase 70-
negative, 8.7 versus 7.4 per patient, respectively, P not significant).

We had clinical data for the majority of the CLL patients and we
found that 13 of the patients harboring sequence variations in miRNAs
also had a familial history of various types of cancer, including CLL
(Tables I and II). Because we previously proposed that cancer pre-
disposition can be linked to alterations in miRNAs (13,25), we de-
cided to further investigate the 13 probands (one per family) from
familial CLL kindreds (defined as at least two first-grade relatives
with CLL). We obtained DNA from buccal swabs and investigated
for the presence of germ line variations in the same set of miRNAs.
Interestingly, although the number of familial CLL individuals was
small, we found three DNA sequence variations (Table I and supple-
mentary Table 1 is available at Carcinogenesis Online), one of which
was present in miR-24-1 (a C-to-T substitution located 40 bp after the
pre-miRNA) and was also found in the other CLL affected member
from the same family but not in the only non-affected member avail-
able for the study. This shows a linkage of the miRNA alteration with

Table II. Sequence variations in the human miRNAome in CLL cases with family history of cancers including CLL

MiRNA Chromosome location Variation CLL Controls MiRNA array expressiona Clinical history

miR-16-1 13q14.2 Germ line pri-miRNA (C-to-T) þ
7 bp in 3#

2/75 0/160 Reduced to15% and 40%
of normal, respectively

One patient: previous BC; mother
died of CLL; sister died of BC

miR-24-1 9q22.32 pri-miRNA (C-to-T) þ 40 bp in 3# 2/19 0/222 NA Familial CLL
miR-27b 9q22.32 Germ line pri-miRNA (G-to-A) þ

50 bp in 3#
1/75 0/160 Normal Mother, throat and lung cancer at 58;

father, lung cancer at 57
miR-29b-2 1q32.2 pri-miRNA (G-to-T) þ 212 in 3# 1/75 0/160 Reduced to 75% Sister, BC at 88 (still living); brother,

‘some type of blood cancer’ at 70
miR-29b-2 1q32.2 pri-miRNAs ins (þA) þ 107 in 3# 3/75 0/160 Reduced to 80% For two patients: family history of

unspecified cancer
miR-29c 1q32.2 pri-miRNA (G-to-A) 31 in 5# 2/75 1/160 NA For one patient: paternal grandmother,

CLL; sister, BC
miR-95 4p16.1 pri-miRNA (A-to-G) 40 in 3# 10/29 2/93 Upregulated 0–30% Father died of CLL at 79
miR-95 4p16.1 pri-miR (A-to-C) 100 in 3# 16/27 46/89 Upregulated 0–30% Father died of CLL at 79
miR-96 7q32.2 pri-miRNA 36 (G-to-A) 1/35 2/91 Normal Father diagnosed with melanoma at 60
miR-122a 18q21.31 pri-miRNA 53 (C-to-T) 1/75 2/160 Reduced to 33% Paternal uncle, colon cancer
miR-187 18q12.2 pri-miRNA 34 (G-to-A) 1/75 1/160 NA Grandfather polycythemia vera;

father history of cancer but
not lymphoma

miR-206 6p12.2 pri-miRNA 33 (G-to-T) 3/103 3/243 Reduced to 25% Prostate cancer; mother, esophageal
cancer; brother, prostate cancer;
sister, BC

miR-220a Xq25 pri-miRNA 33 (G-to-A) 1/28 1/83 Downregulated 20–50% Mother died of CLL; patient has BC,
survivor after 5 years treated with
tamoxifen; sister died of BC

ins, insertion; NA, not available.
aExpression data reported previously (14,22,23).
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the malignant phenotype in this particular family with CLL. None of
the 175 normal controls had this variation, and we did not find it in the
SNP database (http://www.ncbi.nlm.nih.gov/SNP/). Of the other two
DNA sequence variations, we did not identify the 152 bp G-to-A
substitution down the pre-miR-24-1 in a second affected member,
whereas we found the 17 bp C-to-G substitution down the pre-miR-
146a in normal controls (supplementary Table 1 is available at
Carcinogenesis Online). Therefore, the C-to-T substitution located
40 bp down the pre-miR-24-1 germ line mutation is the second ex-
ample of a miRNA mutation involved in familial CLL in addition to
the initial one identified in miR-16-1 (14).

UCRs are mutated in human cancers

Because we previously found variations in UCG expression in pa-
tients with CLL or CRC (16), we decided to investigate whether the
genomic sequences in UCRs harbor mutations or polymorphisms in
CLL and CRC cells. Before screening patients with cancer, we fo-
cused on answering the question whether UCR variations occur in the
general population. It has been reported that UCRs exhibit almost no
natural variation in the general population, as only 6 of 106 767
examined ultraconserved bases were validated SNPs (17). Because
it was recently reported on the creation of a haplotype map of the
human genome with a more detailed description of the frequency of
SNPs (26), we decided to sequence a set of randomly selected 28
UCRs in a panel of 95 normal white Caucasian individuals. We se-
quenced 9634 bp of human ultraconserved genomic sequences for
a total of 892 525 kb sequence and found six SNPs or one per 1572
ultraconserved nucleotides. This is about six times lower than the
frequency of SNPs identified across 10 regions on the human
genome haplotype map, which was one SNP per 279 bp (Table III).
These data confirm that, although less conserved than initially sug-

gested, the UCRs are sites of very low natural variation in the general
population.

Consequently, we genotyped 39 peripheral blood samples obtained
from the patients with CLL and tumor tissue samples obtained from
35 patients with CRC. We used genomic sequences on the same 28
UCRs used for the general population study. We sequenced a total of
703 502 kb of tumoral genomic DNA. We found sequence abnormal-
ities in 11 UCRs, six of them specifically found only in the 74 cancer
patients (9.5%)—two with CLL and four with CRC—and none iden-
tified in a larger set of 175 normal controls (Table III). All four CRC
alterations were found in adenocarcinomas stage II and III patients but
due to the limited number of analyzed cases in the present study, we
cannot draw any conclusion about correlation with stage. In addition,
we found the same UCR variations in the germ line DNA of the same
three patients for whom blood DNA was available, suggesting that
they were germ line alterations or very rare polymorphisms (fre-
quency ,1%) (Table III). Because we found none of these six UCR
sequence variations in the large cohort of controls that we analyzed,
the mutation hypothesis seems more probable.

We found also rare polymorphisms in UCRs. For example, in
uc.159(N), we found a deletion of 2 nt at position 103, 103 (del
TT), approximately three times more often in patients with cancer
than in the normal controls [4/72 (6%) and 2/95 (2%), respectively;
P 5 0.253]. We identified also sequence variations in UCRs in nor-
mal population that were not identified in cancer patients (Table III).
Globally, we identified one UCR mutation at every 90 kb of se-
quenced tumoral DNA, which is roughly 10 times more frequent than
previous estimates of non-functional alterations in the cancer genome
(�1 per Mb) (27). For the investigated 28 UCRs, we found about three
times more frequent somatic variations in cancer patients versus nor-
mal controls [12/2016 of analyzed cancer sequences versus 9/5460

Table III. UCR sequence variations in the general population and patients with CLL or CRCa

UCR name Type Chromosomal location Neighboring coding genes Population (n 5 175) Cancer Patients (n 5 74) Expressed in normal
tissues

Upstream Downstream

UC.021 N/I 1p33 SPATA6 FLJ11588 NORM 190 (T-to-C) (CRC) Yes
UC.025 N/I 1p32.3 DMRTA2 LOC51336 NORM NORM No
UC.033 E 1p21.3 BC030757 DPYD NORM NORM Yes
UC.072 N/I 2q22.3 AK126774 ZFHX1B 380 (G-to-A) 380 (G-to-A) (CLL) No
UC.099 N 2q31.1 DLX1 DLX2 NORM NORM Yes
UC.123 N 3q22.3 MGC34923 SOX14 NORM NORM Yes
UC.129 E 3q25.2 AY358260 P2RY1 NORM NORM Yes
UC.159 N 5q14.1 AK128395 AP3B1 103 (DEL TT) � 2 103 (DEL TT) (4� CLL

and CRC)
Yes

UC.185 E 5q35.3 COL23A1 ZNF354A NORM NORM Yes
UC.189 E 6p21.31 STK38 CDKN1A 83 (G-to-A) NORM Yes
UC.190 N/I 6p21.1 AJ225109 BC009628 NORM NORM Yes
UC.206 N 7p15.3 SP8 SP4 NORM 324 (G-to-A) (CLL) Yes
UC.243 P 8q21.13 AF130052 PXMP3 NORM 146 (G-to-A) (CLL) No
UC.269 N/I 9q33.3 AK123000 LHX2 16 (T-to-C) 4� NORM Yes
UC.276 P 9q33.3 LOC51145 C9orf28 335 (G-to-A) 90 (A-to-G) (CRC) Yes
UC.279 N/I 9q33.3 LOC51145 C9orf28 NORM NORM Yes
UC.300 N/I 10q24.31 HIF1AN C10orf6 NORM NORM Yes
UC.328 P 11p13 ELP4 RCN1 NORM 179 (G-to-T) (2� CRC) No
UC.341 E 12q13.13 HOXC11 HOXC9 291 (C-to-A) NORM Yes
UC.351 N 13q21.33 DACH FLJ22624 NORM NORM No
UC.419 E 17q23.2 AK126318 Dlc2 NORM NORM Yes
UC.461 N/I Xp22.11 PCYT1B ARX NORM NORM Yes
UC.463 N/I Xp22.11 PCYT1B ARX NORM NORM Yes
UC.464 N/I Xp22.11 PCYT1B ARX NORM NORM Yes
UC.465 N/I Xp22.11 PCYT1B ARX NORM NORM Yes
UC.469 P Xp22.11 POLA ARX NORM NORM Yes
UC.479 E Xq25 GLUD2 THOC2 NORM NORM Yes
UC.483 P 3p24.3 AK125129 SATB1 NORM 166 (A-to-T) (CRC) Yes

N, non-exonic(intronic or intergenic); P, possible exonic; E, exonic location; NORM, normal sequence.
aThe position of sequence variation refers to the UCR in genomic sense orientation, the expression column refers to microarray data, and the number of individuals
with a specific alteration of UCR was reported when .1.

NcRNA variations in cancers

211

http://www.ncbi.nlm.nih.gov/SNP/
supplementary Table 1


of analyzed normal sequences contained variations, respectively
(P , 0.05, Fisher’s exact test)]. Therefore, UCR mutations occur
more often in patients with CLL or CRC than in the general popula-
tion, and some of them may be germ line mutations.

Functional consequences of variations in ncRNAs

To determine whether the sequence variations in ncRNAs have a func-
tional effect, first, we transfected MEG-01 cells with both WT and
MUT alleles cloned in expression vectors (see Material and Methods)
for miR-16-1, miR-185 and miR-206, the first two having sequence
variations only in cancer patients but not in controls. We used miR-206
also because the identified genomic variation represents a previously
unreported SNP (supplementary Table 1 is available at Carcinogenesis
Online). MEG-01 is a good model for CLL, as these cells lack ex-
pression of miR-16 on chromosome 13 because of genomic rearrange-
ments of this locus on both alleles, reproducing the homozygous 13q
del identified in �10% of patients with CLL (28). In silico studies of
the effects on the folding energy of the hairpin structure of the two
types of alleles found differences in the folding energy between WT
and MUT for miR-16-1—a decrease from �31 to �37 kcal/mol
(�19%)—and few or no significant differences for miR-206 (a de-
crease from �43 to �45 kcal/mol) and miR-185 (no difference in the
�29 kcal/mol free energy). The quantitative reverse transcription–
PCR and northern blot analysis showed a reduction in the expression
of the MUT alleles of miR-16-1, miR-15a, and to a lesser extent,
miR-185 with respect to both WT and empty vector-transfected cells
(Figure 1). We identified no consistent or reproducible expression
effects of miR-206 using northern blotting. Notably, for miR-16-1,
we observed the same reduction on the expression of mature miR-16-1
and miR-15a in a non-cancerous cell model, HEK-293 fetal kidney
cells (14). We found that the MUT position of miR-16 (C-to-T substi-
tution 7 nt after the pre-miRNA) is highly conserved during evolution
(http://genome.ucsc.edu/), whereas this is not the case for miR-185
(C-to-T substitution 73 nt down the pre-miRNA) or miR-206 (G-to-T
substitution 49 nt before the pre-miRNA). Consistent with this high
conservation, we found that the MUT transcript of miR-15a/16 cluster
has a significant lower effect on reducing the levels of anti-apoptotic
protein BCL2 and consequently to activate apoptosis in respect with
the WT gene (28).

Second, we examined the possible effects of sequence variations in
UCGs. Because we recently identified a new type of gene regulation

by miRNAs, specifically, the direct interaction between miRNAs and
other ncRNAs, the UCGs (16), we analyzed these variations in the
genomic sequence of UCGs to determine whether they influence the
putative interactions with miRNA. Using in silico miRNA-target pre-
dictions (see Materials and Methods), we found that the sequence
comprising the uc.276 G-to-A substitution at position 335 found in
the general population when transcribed in the sense orientation is
predicted to interact with miR-125a, whereas when it is transcribed in
the anti-sense orientation it is able to bind to miR-638. Also in uc.276,
the A-to-G substitution at position 90, which is found in patients with
CRC only, disturbs the putative interaction with miR-214, which is
overexpressed in solid tumors (10) and decreases apoptosis in HeLa
cells (29) and with the newly cloned miR-887. Therefore, we cloned
two alleles of uc.276 corresponding to variations at position 335 in
luciferase vectors both in the sense and anti-sense orientation and
focused on investigating the interaction with miR-125a and
miR-638, respectively. We observed that these miRNAs significantly
interact with uc.276 (P always ,0.0001) and repress luciferase activ-
ity (Figure 1) but the differences between the two alleles, although
consistent between at least six independent triplicate experiments,
were small (,5%) and not significant (Figure 1C and 1D). Therefore,
further detailed functional studies are needed to understand the real
influence of sequence variations on UCG expression.

A catalog of DNA sequence variations in ncRNAs in human cancers

The results described above suggest that genomic variations in
ncRNAs are not simple bystanders during tumorigenesis but may be
selected for during malignant transformation and may have functional
effects. Therefore, we collected published information on mutations
and/or SNPs in miRNAs and UCRs that can serve as a research tool
for scientists studying ncRNAs. We identified reported sequence var-
iations with proven functional effects for nine miRNA genes.
A detailed description of the sequence variations in 86 miRNAs and
UCGs is included in Table IVand supplementary Table 2 (available at
Carcinogenesis Online).

Discussion

The functions of ncRNAs, defined as RNAs that does not encode for
proteins, are still not well known. Authors recently reported the role of
RNA molecules in controlling expression of various genes involved in

Fig. 1. Functional consequences of sequence variation in miRNAs and UCGs. (A) Reduction in active molecule expression for miR-15a/16-1 cluster and for
miR-185 by northern blottings. (B) Expression reduction for the (C-to-T) þ7 bp in 3# of miR-15a/16-1 cluster by quantitative RT–PCR in MEG-01 leukemia cells
in respect with WT cluster and empty vector; standard deviations of three measurements are presented. (C–D) Interaction between miRNAs and UCG by in vitro
luciferase assay for the two allelic variants of the uc.276; the asterisk indicates P , 0.05.
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physiology and development (40,41). MiRNAs make up one of the
most abundant classes of regulatory genes play a role in developmen-
tal timing, hematopoiesis, cell death, cell proliferation, stress response
and stem cell division (7) and are abnormally expressed in different
types of cancer (12,13). In the present study, we report three new
findings. First, we identified new sequence variations in miRNAs in
patients with CLL and CRC. The collection of the data presented
herein and in our previous mutation study (14) represents the first
step in developing a catalog of mutations in miRNAs in human leu-
kemias and carcinomas. The fact that globally sequence variations
(either SNPs or mutations) in the investigated ncRNAs are signifi-
cantly more frequent in cancer samples than in normal controls means
that such variations are selected during the tumorigenesis and play
a role in the establishment of the malignant phenotype. Further sup-
porting this view, we identified five miRNAs (miR-16-1, miR-24-1,
miR-27b, miR-29b-2 and miR-29c) harboring mutations in CLL pa-
tients with familial history but not in normal controls, including some
miRNAs that are frequently deleted in CLLs (such as miR-16-1) or in
other types of leukemias (such as miR-29b-2 and miR-29c) (Table II).
These data support the hypothesis that cancer predisposition involves
abnormalities in miRNAs and therefore, the present study offers for
the near future the scientific ground for the development of new di-
agnostic markers. Of note, none of the identified sequence variations
were located in the active sequence of a miRNA, in agreement with
ours and other previously published studies in CLL (14), human can-
cers (32) and ovarian cancers (34).

Second, we identified new sequence variations in UCRs including
non-coding UCGs in patients with CLL and CRC. We recently iden-
tified that a large number of genomic UCRs encode for a particular set
of ncRNAs whose expression is altered in human cancers. Genome-
wide profiling revealed that these UCRs have distinct signatures in
human leukemias and carcinomas (16). UCRs are frequently located
at fragile sites and genomic regions involved in cancers. We identified
UCRs whose expression may be regulated by miRNAs abnormally
expressed in human CLL cases, and we proved that inhibition of an
overexpressed UCR induces apoptosis in CRC cells (16). These find-
ings argue that ncRNAs are involved in tumorigenesis to a greater
extent than previously thought. SNPs are the most abundant DNA
variations in the human genome and contribute to human phenotypic
differences. In the present study, we identified for the first time muta-
tions in both expressed and unexpressed UCRs, meaning that somatic
and germ line mutations occur in these evolutionary conserved re-
gions in CLL and CRC cases. Furthermore, polymorphisms in UCRs
may also alter various biological processes by influencing the pro-
cessing and/or target selection of miRNAs. A recent study linked
SNPs in UCRs with predisposition to familial BC risk (42). Two of
six SNPs initially reported in (17) showed an association with familial
BC risk. Yang et al. (42) also reported that whereas rs9572903 had
only a borderline significant association with BC risk, the frequency
of the rare allele of rs2056116 was higher in patients with BC than in
controls, indicating an increased familial BC risk. Interestingly, both
of these SNPs are located in UCRs that were not expressed in any of
the 19 normal tissue samples or 177 cancer samples that we analyzed
using both microarray and quantitative reverse transcription–PCR as
previously reported (16). Interestingly, Catucci et al. (43) did not
support the association of these two SNPs and BC risk in a population
of 737 Italian female familial BC cases negative for mutations in
BRCA1/2 genes compared with 1245 Italian female blood donors.
The conflicting results could be explained by differences in the allele
frequencies between the German and the Italian control populations
(0.39 versus 0.34, respectively, P 5 0.00007) and by statistical fluc-
tuations. Large multiple-center studies are warranted to evaluate the
effect of UCRs/UCGs SNPs on cancer risk.

Finally, identification of the functional implications is central to
prove the importance of these sequence variations in ncRNAs. In the
present study, we further tested in vitro that miRNAs could directly
interact with UCGs (such as miR-125a-5p with uc.276-S and miR-638
with uc.276-AS). The two alleles have only slightly different interac-
tion energy and not significant different levels of reduction ofT

a
b
le

IV
.

A
ca

ta
lo

g
o
f

se
q
u
en

ce
va

ri
at

io
n
s

in
m

iR
N

A
s

an
d

U
C

G
s—

D
N

A
se

q
u
en

ce
va

ri
at

io
n
s

w
it

h
fu

n
ct

io
na

l
ef

fe
ct

s
in

n
cR

N
A

s

m
iR

N
A

V
ar

ia
ti

o
n

L
o
ca

ti
o
n

T
y
p
e

o
f

ca
nc

er
F

u
nc

ti
o
n
al

co
n
se

q
u
en

ce
s

R
ef

er
en

ce

le
t-
7
e

(G
-t

o
-A

)
þ

1
9

n
t

3
#

o
f

m
iR

N
A

(p
ri

-m
iR

N
A

)
H

u
m

an
ca

n
ce

rs
D

ec
re

as
ed

ex
p
re

ss
io

n
o
f

m
at

u
re

m
iR

N
A

(3
0
)

m
iR
-1
5
a
/1
6
-1

cl
u

st
er

H
u

m
an

g
er

m
li

n
e

(C
-t

o-
T

)
þ

7
n

t;
N

Z
B

sp
ec

ifi
c

(A
-t

o
-T

)
þ

6
n

t
3
#

o
f

m
iR

N
A

(p
ri

-m
iR

N
A

)
S

p
or

ad
ic

an
d

fa
m

il
ia

l
C

L
L

;
B

-l
y

m
p

h
op

ro
li

fe
ra

ti
ve

d
is

ea
se

in
m

ic
e

D
ec

re
as

ed
ex

p
re

ss
io

n
o

f
m

at
u

re
m

iR
N

A
an

d
fa

il
ur

e
to

d
ec

re
as

e
B

C
L

2
p
ro

te
in

le
ve

ls
;

d
ec

re
as

ed
le

ve
ls

o
f
m
iR
-1
6

ex
p

re
ss

io
n

in
ly

m
h

op
ro

li
fe

ra
ti

ve
ti

ss
u

es

(1
4

,1
5

)

m
iR
-1
7

C
/T

P
ri

-m
iR

N
A

B
C

C
on

fo
rm

at
io

n
al

ch
an

g
es

in
th

e
p
re

d
ic

te
d

se
co

n
d
ar

y
st

ru
ct

u
re

s
w

it
h

co
n
se

q
u
en

tl
y

al
te

ra
ti

o
n

o
f

th
e

m
at

u
re

m
iR
-1
7

(3
1

)

m
iR
-3
0
c-
1

G
/A

P
re

-m
iR

N
A

B
C

C
on

fo
rm

at
io

n
al

ch
an

g
es

in
th

e
p
re

d
ic

te
d

se
co

n
d
ar

y
st

ru
ct

u
re

s
w

it
h

co
n
se

q
u
en

tl
y

al
te

ra
ti

o
n

o
f

th
e

m
at

u
re

m
iR
-3
0
c-
1

(3
1

)

m
iR
-1
2
5
a

S
N

P
M

at
u

re
m

iR
p

o
si

ti
o

n
8

N
o

t
re

p
o

rt
ed

A
lt

er
at

io
n

o
f

p
ri

-m
iR

N
A

p
ro

ce
ss

in
g

(3
2

)
m
iR
-1
4
6

rs
2
9
1
0
1
6
4

G
/C

P
re

cu
rs

o
r

P
ap

il
la

ry
th

yr
o
id

ca
rc

in
o
m

a
p

re
d

is
p

o
si

ti
o

n
;

h
ep

at
o

ce
ll

u
la

r
ca

rc
in

o
m

a;
fa

m
il

ia
l

B
C

/
ov

ar
ia

n
ca

nc
er

D
ec

re
as

ed
ex

p
re

ss
io

n
o

f
m

at
u

re
m

iR
N

A
;

G
-a

ll
el

ic
m
iR
-1
4
6
a

p
re

cu
rs

o
r

in
cr

ea
se

d
p

ro
d

uc
ti

o
n

o
f

m
at

u
re

m
iR
-1
4
6
a

co
m

p
ar

ed
w

it
h

C
-a

ll
el

ic
o

n
e

(3
3

–
3

5
)

m
iR
-1
4
6
a�

rs
2
9
1
0
1
6
4

G
/C

P
re

cu
rs

o
r

T
h
y
ro

id
ca

nc
er

E
p
is

ta
si

s
th

ro
u
g
h

th
e

p
ro

d
u
ct

io
n

o
f

ad
d
it

io
n
al

m
at

u
re

m
iR

s:
m
iR
-1
4
6
a
� G

an
d
m
iR
-1
4
6
a�

C
(3

6
)

m
ir
-1
9
6
a

rs
1
1
6
1
4
9
13

C
C

M
at

u
re

m
iR

p
o
si

ti
o
n

1
2

N
o
n
-s

m
al

l
ce

ll
lu

n
g

ca
n
ce

r
D

ec
re

as
ed

ex
p
re

ss
io

n
o
f

m
at

u
re

m
iR

N
A

(3
7
)

m
iR
-1
9
6
a
2

rs
1

1
6

1
4

9
13

C
C

;
rs

1
1

6
1

4
9

13
C

/T
P

re
-m

iR
N

A
L

u
n

g
ca

n
ce

r;
es

o
p

ha
g

ea
l

ca
n

ce
r

M
ig

h
t

af
fe

ct
m

at
u

re
m
iR
-1
9
6
a

ex
p

re
ss

io
n

an
d

ta
rg

et
m

R
N

A
-b

in
d

in
g

ac
ti

v
it

y
;

af
fe

ct
es

o
p

ha
g

ea
l

ca
n

ce
r

ri
sk

(3
8

,3
9

)

N
Z

B
,

N
ew

Z
el

an
d

B
la

ck
.

NcRNA variations in cancers

213



luciferase activity. As UCGs could be regulators of protein-coding
gene expression as miRNAs are, small differences in interaction with
miRNAs could consistently indirectly affect the protein-coding gene
regulation by the slightly different amount of UCG alleles, but this
hypotheses should be confirmed by further studies. Whereas some of
the identified mutations and SNPs in miRNAs do not affect gene
expression (24,44), we identified a functional germ line variation in
miR-16-1 in patients with CLL (including one from a kindred of
familial CLL and BC) that was proven to be functional and was also
identified in a mouse strain in which a CLL-like disease naturally
develops (15). Other examples support a functional role of miRNA
sequence variations: an SNP located in the 3# region of miR-125 in
normal individuals blocks processing of primary miRNA to the pre-
cursor gene, reducing the effect of the target inhibition by this miRNA
(32). More recently, it was reported that a G-to-A mutation 19 nt
downstream from the miRNA let-7e, a member of the largest family
of tumor suppressor miRNAs (45), led to a significant reduction in its
expression in vivo (37). Furthermore, researchers found new SNPs and
novel mutations distributed in the regions of primary miRNAs, pre-
cursor miRNAs and even mature miRNAs that are present in specific
human cancers (30), common genetic variants in pre-miRNAs that are
associated with increased risk of BC in Chinese women (46) and
a common SNP (rs 2910164) in pre-miR-146a that decreases mature
miRNA expression and predisposes individuals to papillary thyroid
carcinoma (33) (Table IV). The SNP rs 2910164 was found also by us in
a CLL sample (supplementary Table 1 is available at Carcinogenesis
Online). Although such variations are frequently located outside the
precursor or active sequence of miRNAs, they are included in the
primary transcripts of the miRNAs as we showed previously (see ref.
14), and therefore, may affect the various steps in miRNA maturation,
not only the target selection of miRNAs.

In conclusion, sequence variations in miRNAs and UCGs occur
frequently in patients with CLL or CRC and may have functional
consequences and target significant genes for human tumorigenesis
(47–51). It is only a matter of time until the catalog of DNA sequence
variations in ncRNAs that we describe herein will contain an over-
whelming amount of information.

Supplementary material

Supplementary Tables 1 and 2 can be found at http://carcin.
oxfordjournals.org/
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